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PHOTOLNERGCTICS OF A SYNCHRONOUS
CHLORELLA CULTURS

[Toliowiuzg is a tranclation of an article by
L.l's B2oll, ¥Y2,A, Lin'kova, u.in. Slobodskaya,
K.S, Specltorov, Yo P. Fedenlzo, and G.S, Bukina
(Instituvte of Plant Physiology imeni K.A,
Timiryazev, Acadewy of Sciences USSR, Moscow)
freow the Hussian-language periodical Fiziolociva
Rasieniy (Plent Physiology)., Vol., 1, No.5,
Yoczcowi, Scptember-October 1967, pages 866-371.7

1. INTRODUCTION

The mamiimum energy production in photosynthesis de-
termines its potentialitiern as an encergy storing proccsse.
The concreice value of the encrgy production that is mcasured
deperas on o vhole series of external and intcerirnal factorse.
The conbiration of external conditions {(Jight, temperature,
COyp concentration) that are best for energy production or
c{ficicncy has beeon explained to a considerable extent,
Iinwrever, tae conncction between a plant's cenergy cfficiency
and its internal states and especially tho pariicular stiuc-
tural charocteristics of its photosynthetic apparatus arc
frr Jess I'novie

Undoubiedly, the structurc of tho photosynthetic
eppar~tvs varics according to the degrece of cell deveclopment
in the photonynthesizing organc. The cefficiency of its
opcratinn cousequenily changes accordingly. Plant photo-
synthe "rine cfliciency may thus depend on the age of the
rhotozsyathiczlszing cells, An investigation of thin reclation-
thip 35 “he puvypos: of this worli,




Xt has become possible to perform such research duo
to the developuent of the techniquo of growing synchronous
cultures of uniccllulax photosynthesizing algae,

There are sevecal works covering the study of tho
intensity of photosynthesis in relation to the developmental
phasc of synchronous cultures of unicellular algae (1-5),
However, the data of these worlis are conflicting and it is
difficult to compare them with one another. This may be
explained by the fact that the numerical oxpression of "photo-
synthetic activity" depends upon the selection of values
(dry weight, chlorophyll content, cell nuu.ber, ctc.) that rc-
prcsent this activity. But these values themselves chango
as the culture grows. Such indeterminacy may be avoided
if the efficiency of photosynthesis is expresscd by the
quantum or ecnergy yield. These values characterize tho
efficiency of utilization of cach quantum absorbed and are
consequently of the highesti interest from the viewpoint of
studying the ncchaniaom that regulates the storage of light
encrgy during photosynthesis,

In view ol the fact that a certain discrepancy may as
a rule occur between gas exchange and energy cxchange, plant
encrgetics should be studied by methods which investigate
energy directly (6).

A study has been made in this work of the dependence
of photosynthetic encrgy yield on the phasc of cell devclop-
ment. The encergy cfficicncy g€ denotes the ratio of the
amount of encrgy stored during photosynthesis for a certain
period of time {to the amount of c¢nergy absorbed by the plant
during this time. Ordinarily, one of the main difrficwltica
in the cxperimental determination of € is tiue complexity of
measvring tne absorbed energy flow, This circumstance maokes
it hard to take a larse nwiber of mcasurcments, which arc
abgolutely ecrosential in experiments of this type, and hence
duc to the inconstancy of the properties of the subject
being studicd and ils sensitivily to many factors there is
a large scattering of cxperimental data.

For this reason, 3t would bc very convenient to pre-
sent a metnod o counduciing such tests, wniech has been
vorliecd out by onc of the autiors cof this article. The me
allows a dircct determination of thne ecncergy cfficiency wi
ovt cpecial measurement ol the flov of absorbed radiation

(7)-
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2., METHOD

The mothod referrod to (femperature curve) will
consist of the fellovins., The temperature of an algac
suspencion ds messurcd uvnder differcent light intensities.

It mey be shown the? at light intensities that corrozpond to
& lincarsogmwuo. the pho»onrth091° lirht curve, tho cenorgy
cefficiency £ is cdetermined

g1t m
120, » .

whero! Q iz tho anglo of inclination of tho light curvo

at low ligh%t intensitics (ecorresponding to the lincor part
of the pheotosynthesis licht curvo) and Q ic the angle of
inclination ol tho tcmperatiwre cusrve ot high licht intcne
sitics that correspond to photosynthosis saturetiion (fox
details of the method sce worlt (7)).

The cxperinmental gubject woas a thermophilic ostrain
of uniccllular grcen algrae Chloreclla pyr.Pringsh. 82%. Tho
initial cynchronovs culture was gotteon by matural) scdimone
teion (8).

The autosporos obtainod by this method vere tranne
planted from time <o time €0 a £resh culturald nodivs, on
wiich the c¢clls spent 2-3 subsequent cycles of synchronous
developnicnt under conditions optimun for the given atrain:
light intensity was 10 020 Ju:z, the culture chanber teimora-
turec vas 3"—59°, atyr mised with O. ()L;-Q._,~ COa vas blovm in,

end the lisnt to cCarlmnczs ratio van, 7317 ho"?u. The nitinl
~, 6
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" . J
aulospore censily was opproie 5. 100 cny

It vas chowa £ {2, 10) that the first synchronous
dcvelopment cycle of o culture on fresh mediuvir i3 not
characterictic for the given sctrain and always varics some-
wha» fyrom all) suhaecaquent cycles of gynchrosocun dcvelopment,.
Henee, the cnlls rcavirae cone tima to ccapd o the frech
ricdiv i, Conscquently. after the autocpores vere tranoplone
tcd te a fresh cuvltu-ey the cells peosoed throuvgh onc cyclo
ef syachronouvs developmznt in this rediwea before the bo-
ginuning of the cipeorinert., Tho e:porinients worae thexreforo
caryicd out in the gecond and subsiquent cycles of oyin-
chronrova cCeveloprante

The cultvre vvan not darikienced for 7 howes of covelop=-
mert curing the e:xperiments to rncoazvro §, elthouvsh 24 vas




continuously illuminatod up to the production of new auto-
sporos. Undor thezsc circumstancos tho production of auto-
ppores from muternal colls sot in In about 10 hours after
the beginning of iluvuination of the initial autosporese

The multiiplication factor, 1.0s the average number of auto-
gporecs forming &in the mediuvn from & singlec maternal cell
vas appro:zs 20,

To determine the photosyathetice cnergy cfficiency
out of the culture chamber, scmples ranging in size frou
3-15 nml of suspcension were talie: in rclation to theis op-
tical density vhich increascd in proportion to the growvih of
the culturec.

The suspension seloctod to measure { vas centrifugzed
at a rate of 2000 recvolutiono por minutc for 10 minutcese
The cells vere then recuspended in a Varburg 9 buffer
solution, wheroupon the cell densilty following centrifuging
was choscn so that the absorption factor for the suspencion
was identicel for all testn. This wagc achicved by e
spcecially macde photoclectric densitometer composcd of a
silicon phetoelectric coll with a large curfacoe The photo-
cecll registeoered ¢ large paxt of tho Jight that was not ab-
sorbed by the suvcpension,placod in a glacs cup having the
samo foru and size as a phiotocalorimeter. The cbsorption
factor of the suspension was eppxrox. 503,

Approximately LD minutes porced from the time tho
suupension was rcmoved from the culture chambexr to thoe bo-
ginning of the £ determination eciperimentn (the measurements
themsclves took approx. 30 minutes)., Concequently, some
phase displacemen? tool: place in cell develeopment at sco-
lection end upon mcasurenmcnite As centrifugatior cnd cd-
justment of the ccll absorption factor occurred in darlineoss
or in wecaX light, this shifi was small in compari-on with
vhat occurred in the culture chamber vhich was cubliccted te
strong cmissione This shift was cvidﬂn?Ty Jarger in ihe
later stages of the developmental cycle vhere the cnlls
ezn also c¢evelop without lighte We did not dcetermine tho
amount of rhift, and therefore alwvayrs furiher on give th
tirmoy wvhich passzod from the beginning of illunirating the
cutospores to tho tirme the cells vere rmoved Lrom the ciiarme
be:r.

After cach sclnectlon o pert of the ¢oldes vere ox-

amined voder the mierocs condeliorpholosical chenges in tho
cclls resciabled thorse vviieh werce caxrlicr observed fron the
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same stirain (l11). There occurred merely some prolongation
of thec genernl developmental poriod of the culturce for about
one hour, probably caused by the application in our experi-
rients of somewhat lower light intensity (30,000 lust instead
of 18,000) and lower temperature (3%0° instcad of L0°).

In the fivrst series of c¢xperiments the cnergy effi-
ciency was dectermined by light intensities lying within the
range from 200 to 1700 erg/cin?/scc. In four tcsts measure-
rments vwere taken for o vwhole cycle of development, i.c.
up to the woment of producing all autospores from the parent
cells, which occurred in 14 hours after the beginning of
illumination of the autospores. A large number of short
tests were ro» oon o 0, 2, &, 6 hour schedule after the
beginning of illumination of the autospores, i.c. for a
pcriod of 6 hours. This scries of tests was run to dctermine
the gpecific cowse of Gduring the first stages of development,
In all these tests the light used for measurements in tho
phiotoczlerimeter were produced by an incindescent lamp and a
cystem of light filters made of 2 water solution of CuSOy4,
as viell as $3S1k ond ZWh3SCG gie s filters,

In a cccond scries of tests mecasurcments were pade
in light intensities ranging from 1700 to 3000 erg/en®/sece,
i.ce. at laght intensitice that exceed compensation, In these
tests incandescent lanp light was passed through a water
solviion of CuSO.4 and S3S1L and BSS glass filters, The
spectral composition of the light consequently differed
sornevhat from the light composition used in the first ex-
perinmentis,

DXDEIRINENTAL RESULTS

The resulis of the four tests covering a whole
cycle of cevclopment arc shown in the Figure.

As shown by the Figure, the curves disploying the
relation of £ to the stage of developmenthad the following
general charscteristics: 1) a sharp drop in € after -3
wurs of illwmination in comparison with the valuc of €
for auvlosporess; 2) on increase in € for subscqgucent ccll
developumont; 3) the occurrcecnco of a number of less scharply
pronourccid raxina and mininge

The Jow nintmum observed during the first hours
of 3l1luvmipation ixs most interesating.  This minimouen was also
investisgated in the short test serics {(maximum i)lumination
ime s L onooss), A drop vas secn in 1 cascs oub of 13.

W
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Epoica, vt ( V {08, (._-_-..y 'l)
Dependence of the cnergy efficiency of
photosynthbesic on cell develonuent siago
in a syachronous Chlorclla culturc

Abscissa - autogporce illumination timoj
ordinatc - cncrgy olfficicncy

X « timo, howrs

Ve tentatively tiinlt that a drop talkes ploce in casces were
+he absolute valuc of & was less than ncarby values by at
the most 5%, which with a 15% average value of Lin the auto-
sporcs mcans a 338 - yield . 4n the rclative value 2 & o

¢ is possible that the negative values of & that were ob-
scrvced are real. The negative valucs of & mean that in the
selccted arca of ligcht intensity pholo-induced exocyronie
3;805778:1?°°L? with greater intensity than phele-induced
Proeéssis” (or roughly: photorcepiration is morce dintensive
<‘han photovynuncuLg)o

Various cipeirimental controls were sct up to explain

Y

the occurirenco of the observed Grop.

Cxperiments of {two {ypes were nmado. In the
series of conirols run ow the same 2-hour scheaule
b

{termination vas madc of the Yenergy celliclency"™ of

cclsive liguid =- inlt cuspensien or 4ye solulicne T ¢
actually characterized the precicion of pholoealoriictcl
readings under lizht dintensitics vscd ia the experimentic,

Jt was shovm that the average (running foutr
mcasurcaenis per onc tesi differced frowm zero by a lotal of
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2-3%, althougzh in individwal measurements rather large
discreponcics were someiimes obiainced and in nine cascs out
of the tozal 22 tesmts, the "efTecet" was observed, i.c. the
difference in cofficicncies was over 5%, In 12 tests this
ceffect dic not occws and in one casc the opposite effecct was
observed.

Thercefore, ot the same time as in the algac culture
tests a drop was observed in 11/33=85% of the cases, in tests
with the liquid ii vas observed in a total of 9/22:=40) of tho
cisese Morcover, the absolule amount of the drop, i.c,

$1 - 82 and 5 - 2 (tho subscript indicates the nvnaber of
the teust; the first mecasure refcrs to the autosporesh was
noted to be higher in cxporiments with algae and ordinarily
20.-1.505, wherecas in the testis vsing inactive liquids it vwas
in the ordecr of 5%.

We are conscquently inclined to think that the enecrgy
effecctiveness of photosynihesis in the cells of a synchronous
Chlorella cultwre ot ncarly compensating licht intensities,
obtained as a result of irradiating auvtospores for l1-3 hours,
is markedly less cffective than for autospores or cells at
a later stiage in dovelopmeont.

The ccrtainty of a drop in £ mcasurcd during the first
hours of illvminating the cells does not by any meang imply
a certainty in the drop of initial encrgy efficicency of photo-
synthesis. 7This may be cxplained by the fact that, as scen
from fermula (1), 2 low value of € might be brought about by
& docerease in tggk,, iece a slopc in the heating curve at
light gaturation intensitics. This might have taken placce
when the =zuspension faded al the given light intensitiewu,
and the zliopc as lower the smaller the absorption coefiTicient,
A seccond serice of controlled cxperiments werce ruvn to checlk
oul inhis poscibilitys Using an SF-10 spectrophol. vlnisy the
fransmitiarece of ihe suspe: sion was mecasurcd after the cells
were drracicted viiln saturation intensitices for the same time
as in Lhe origsinn’ cexperiuients. Morcover, the liinctics
of temperaturce chonzse in the suspension illuminaoted with
consiari lignl intceasily vas studied in the same calorimcler
(the temperature shoudd be reduced in case of fading)e. Finallw,
6 sludy wan made of the jzincticz of change of {:ausrittance
of the surpeniion in o Leonoparent vessel taat hod the same
cdz~ as the coloritotler vessecls, Changes 3in the eobhoorpiien
facter vere judzed on the boriz of readings of the larooe
orva pooteecell Jvine in boelt of the vesseld. he cperinent
shoved that the use of Llight soturation intensitics dvesn not
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produce substantial changes in tlec absorption coefficient,

It may be thought that changes in the absorption co-
efficient, J{ they talie placo, arise practically spontancous-
ly after variations in light intensily and thereforce are not
caught by the methods which wereutilized. This possibility
has been disproven by measuroments made o a differential
spectrophotomcter (12), The rapid reversible changes ob-
served in the absorption coefficicnt never excecd 1%, Con-
scquently, variation in € should not be regardecd as tho re-
sult of cell fading when frradiated in the calorimetere

As bhas been sajd, measurensnts of £ in the tests under
consideration werc made at low light intensitics (200-1700
erg/cma/socl, vwhich arc close to cowmpeunsating intensities
(according to measurements made in an emperometric device
(13) vith a vesscl similar to the onc uscd in the photocalo-
rimeter, compensation taliing place at 1200 erg/cimi/scce).

A sccond scrics of tests was then run using a suspension of
algac at higher light intensitics, succceded compensation
intensitics, in the range of fiom 17003000 erg/cui?/scce

Out of the scven tests using suspencions with an average
value of &€ = 155, only in two did onec observe a slight drop
in the order of 5%, eand mercly in two out of 19 control tests
with an inactive liquid was a drop obscrved. These tests
conscquentily showed that at the intensitices of light mecasurecd
vvhich oxcced the compensation values, the cnergy cfficicency
does not significantly depend on the stage of development of
the ecclls, and in any casc the cells were exposed for the
first six hours. Particularly, a rcduction (drop) in £

was noi observed as a result of irradiating the autoupores.

CONSIDIHATION OF RISULTS

A reduction in energy clficiency £ in young Chlo-
rella cclls in comparison with £ in autosporces was observed
by us only at low light intensitics which lio in thie same
order as those of photouayniheilce compensation by respira-
tion.

In this arca of intensities the effcct of light on
respiration may be ecspecilnlly noticecable, whiclhi is con-
firined Ly the existcence of the Kolt effcet (1%, 15) and ex-
periments on orgzen absorpiion in light (6, 17)., XL 4is
theorefore only natural te csswre that the drop in & in the
ficld of o light intensities is also causced by the change
in recpiration in light.




or par’Liculur' interest in this connection arc the
results of Sorolin end Myers (18), from which one may con-
cludas *that the rcsm‘rati n incrcaso in light rnioy De greater
in you:ry cclla of thormophiliec Chlorecllar strains than in
the older onense

AL rather high light intensities the dependence of
respiratlion on lignt intensiiy mnay possibly Lo less drastic,
and this might cunlain the independence of £ on the stage

in this field of l" 1w odintensity.

In the general carce &t should bo expected that the
form of photosynthezsia light curvoe may vary viih a change
in the developmential stage, Such a deformation of the light
curve may bL> produced by a non-uniform variation in the
effectivencess of photochemical ¢nd enzynatlic recactions of
photosynthesice XIn particular, &5 special measurcmenis
vhich we made on eon infrared gas analyzer bave sihowvn, the
sharpest changes in the inteusiiy of photosynthesis at
light saturation intensitics werce discovercd at a late
stage in development, spcecifilcally during the period of
autospore formatiion. At this stage (apuxo“. 10-11) hours)
the intensily of COp abSOl‘ptiO‘l \\'aJ 2t A minicur, at the
same tire as € was at dts maximum,

On the other hand, it should be emphasized thatl the
data winich we obtained on the coursce of cnergy etficiency
¢id not, gencerally speaking, nccessarily have to coincideo
with the corresponding dnta for quuntuvn yicld, as the degree
of conncchtednese between the gas exchange and energy mocia-
bolinn procozues oy aloo depend upon the developmental
phaase.  The data obtained on cnergy cfficicney have a direcet
relation to Lthe problen, delermining the meMimun cnergy
prodvecticn of photosynihacis. They show Lhat at low light
intensities {(hic valuve & mecasurcd may depend unon the stage
of ccll dovelopment and, conscguently, in the casc of
wvosring w3iih o non-synchrenecuvs culturo may also depend upon
the Clrtribution of coJJ.s cccording to phasc (4). According
to owr datay at rather low light intensitics, the wmeasurca
value of & wvaosg larger in avtospores than in cells during the

<R vir g stame of development, i.0. thosc that were ildlumine-
r\trc 1.3 hovrue Jt da possaibleo tuat this moy partinlly
lein Che vellinoun meithod of preparing plants foxr the
ronsvoenent of guaniviy yield by holding them in the darl:
Lfor a proloncnd peiind Lo f,‘oxc testlings A consideratle
con of tne cells of algro prepared in thiec panners

et bosne synchironined and o Al.‘)fi_(.x' part of the c¢clls
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may be in the autospore phaso. If the measurement of N
would be taken ot somewhat higher light intensities, such a
preparcation may be superfluous, becouse § under these cire
cunstances dees not cdepend upen the stage of development
according to the results which we obtained.

We note in conclusion that the regularities which we
observed in the change of - & at varying cell developmentel
phases cen hardly be regarded as universal, A variation
in the cnergy exchanrge of the cells at different develop-
mental stages may be determined by peculiarities of the
plant spccies, the conditions in which they are cultivated,
i.cs their prchistory and possibly even by the handling of
the plants while prepaving them for measurcment (1L, 10).

CONCLUSIONS

1. The cnergy ecfficicney of photosynthesis (&) was
ricasurecd in a phoiocaloxineter as a function of coll
developuental phase in a synchronouvs Chlorella culturc.

2¢ A nunmber of maxima and minima of & were discoverced
at light intensities below the compensating point, he
minimum of & was c¢specially clecarly pronouuccd in 1-3 hour
old cells, At light intensities somewhat higher than the
conmpensating point,thin drop was not observed.

3. It is asswied by comparing the data obtaincd with
the litcratuwre that the drop in & observed in young cells
at subcompencating intensities is caused by influcnco of
light on cnergy degradation processes {photo-induced ero-
thermic rcactions)o

Lo The reiatively bigh value of € in antospores

as comparcd with the value of € in cells illuminated lor
J-3 hours may explain thie widespread process of preparing

J i P ¥ ~
alzaz for quantum yicld ricasurcmentise
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